ABSTRACT The H3Ј-C3Ј-C4Ј-H4Ј torsional angles of two microcrystalline 2Ј-deoxynucleosides, thymidine and 2Ј-deoxycytidine⅐HCl, doubly 13 C-labeled at the C3Ј and C4Ј positions of the sugar ring, have been measured by solid-state magic-angle-spinning nuclear magnetic resonance (NMR). A double-quantum heteronuclear local field experiment with frequency-switched Lee-Goldberg homonuclear decoupling was used. The H3Ј-C3Ј-C4Ј-H4Ј torsional angles were obtained by comparing the experimental curves with numerical simulations, including the two 13 C nuclei, the directly bonded 1 H nuclei, and five remote protons. The H3Ј-C3Ј-C4Ј-H4Ј angles were converted into sugar pucker angles and compared with crystallographic data. The ␦ torsional angles determined by solid-state NMR and x-ray crystallography agree within experimental error. Evidence is also obtained that the proton positions may be unreliable in the x-ray structures. This work confirms that double-quantum solid-state NMR is a feasible tool for studying sugar pucker conformations in macromolecular complexes that are unsuitable for solution NMR or crystallography.
INTRODUCTION
The conformations of individual monomers in the polynucleic acids DNA and RNA are decisively important for their biological function. In particular, protein-DNA recognition is thought to involve the detailed local conformation of the DNA molecule through the so-called indirect recognition mechanism (Travers, 1993) . Spectroscopic methods that are capable of obtaining information on the individual nucleotide conformations are therefore most important, particularly if they are applicable to large macromolecular assemblies.
A particularly important conformational parameter in nucleotides, nucleosides, and nucleic acids is the angle ␦, defined as the torsional angle C5Ј-C4Ј-C3Ј-O3Ј of the ribofuranose unit (Fig. 1) . Together with the pucker amplitude, which is highly conserved in nucleosides (see Saenger, 1984, page 55) , the torsional angle ␦ defines the pucker of the ribofuranose ring, which affects the entire nucleotide fragment and potentially the conformation of adjacent units. For instance, the sugar pucker changes from C2Ј-endo to C3Ј-endo in the transition from the B-form to the A-form of DNA, representing a change in ␦ from around gauche (60°) to around trans (180°).
The principal methods for examining nucleotide conformations are x-ray crystallography, solution NMR, and solidstate NMR. High-resolution x-ray crystallography gives direct information on the molecular structure. Solution-state NMR, in contrast, gives indirect information on the torsional angles through chemical shifts (Santos et al., 1989; Gorenstein, 1992; Xu et al., 1998; Rossi and Harbison, 2001) , scalar J-couplings (Davies, 1978; Ippel et al., 1996) , and cross-correlated relaxation effects (Boisbouvier et al., 2000; Felli et al., 1999) . However, as the DNA and RNA molecules grow larger, and for the interesting cases of polynucleotide-protein complexes, both x-ray crystallography and solution-state NMR frequently encounter difficulties, the former due to imperfect crystallization, and the latter because of spectral line broadening due to slow molecular rotation.
Solid-state NMR does not require long-range crystallinity or rapid molecular motion. Several solid-state NMR methods have found application in the structural investigations of nucleic acids (Alam and Drobny, 1991; Lee et al., 2000; van Dam and Levitt, 2000) . In particular, the torsional angle ␦ may be estimated from isotropic 13 C chemical shift values (Santos et al., 1989; Rossi and Harbison, 2001 ). However, chemical shift information can be difficult to interpret in structured macromolecules due to nonlocal effects, so a complementary method for estimating ␦ would be useful.
Torsion angles may also be estimated by solid-state NMR, if experiments are used that are sensitive to the relative orientations of nuclear spin interaction tensors (Feng et al., 1996; Ishii et al., 1996; Schmidt-Rohr, 1996a,b; Tycko et al., 1996; Weliky and Tycko, 1996; Costa et al., 1997; Feng et al., 1997; Fujiwara et al., 1997; Gregory et al., 1997; Hong et al., 1997; Feng et al., 1998; Bower et al., 1999; Feng et al., 2000; Middleton et al., 2000; Ravindranathan et al., 2000; Takegoshi et al., 2000) . A particular useful class of experiments is called double-quantum heteronuclear local field (2Q-HLF) spectroscopy. These experiments exploit the evolution of a correlated two-spin state, double-quantum coherence (2QC), under the heteronuclear local fields of neighboring spins. The evolution of the 2QC is sensitive to the correlation of the heteronuclear local fields, and therefore to the relative orientation of the heteronuclear dipolar coupling tensors. In particular, the HCCH-2Q-HLF experiment was designed to measure the torsional angle in an 1 H-13 C-13 C-1 H molecular fragment by allowing 13 C 2QC to evolve under the 13 C-1 H heteronuclear dipolar couplings (Feng et al., 1996) . This experiment has found several applications in biologically relevant molecules. For example, the H-C10 -C11-H molecular torsional angle in the isomerization region of the retinal chromophore was determined in the ground state of rhodopsin (Feng et al., 1997) and in the metarhodopsin-I photointermediate . The HCCH-2Q-HLF experiment has also been applied to mono and disaccharides (Ravindranathan et al., 2000 (Ravindranathan et al., , 2001 , the drug compound cimetidine (Middleton et al., 2000) and bacteriorhodopsin (Lansing et al., 2002) .
The HCCH-2Q-HLF experiment is an appropriate spectroscopic tool for studying nucleic acid conformations because each of the C4Ј and C3Ј sites has one attached proton, and selective 13 C labeling of the C4Ј and C3Ј sites is technically feasible using known synthetic routes (Ouwerkerk et al., 2000 (Ouwerkerk et al., , 2002 . An attractive feature of the 2Q-HLF experiment is that NMR signals from the natural abundance 13 C background are effectively suppressed, making the experiment feasible even in large molecular assemblies. The information provided by this experiment is complementary to that provided by chemical shift data. In preparation for experiments on macromolecular nucleic acid complexes, we have first applied the method to two different microcrystalline 13 C 2 -labeled nucleosides, where a direct comparison with x-ray structures may be made. This comparison is the subject of this paper.
HCCH-2Q-HLF spectroscopy was performed to determine the H3Ј-C3Ј-C4Ј-H4Ј torsion angles in two 13 C 2 -labeled microcrystalline 2Ј-deoxynucleosides, [3Ј,4Ј- 13 C 2 ]-thymidine and [3Ј,4Ј- 13 C 2 ]-2Ј-deoxycytidine hydrochloride. The x-ray structure of thymidine (Young et al., 1969; Chekhlov, 1995) shows a 2Ј-endo or S-type sugar ring pucker that can be described as an intermediate between the 1 2 T and 2 E conformation (Altona, 1982; Saenger, 1984) , see Fig. 2 a. The x-ray structure of 2Ј-deoxycytidine, in contrast, displays a C3Ј-endo or N-type sugar pucker characterized by a 4 3 T conformation (Altona, 1982; Saenger, 1984) , see Fig. 2 b. The different sugar puckers in these two nucleosides provide us with a good test of the 2Q-HLF experiment. The HCCH-2Q-HLF experiments provide a direct measure of the H3Ј-C3Ј-C4Ј-H4Ј torsional angle . However, to obtain an estimate of the C5Ј-C4Ј-C3Ј-O3Ј torsional angle ␦, assumptions must be made about the local geometry of the near-tetrahedral C3Ј and C4Ј sites. In this paper, we obtain estimates of the geometrical parameters and their confidence limits by a statistical analysis of published neutron diffraction structures. The inferred torsional angles ␦ for [3Ј,4Ј-13 C 2 ]-thymidine and [3Ј,4Ј 13 C 2 ]-2Ј-deoxycytidine⅐HCl are compared with the x-ray diffraction values. We find that the NMR and x-ray estimates of the ␦ FIGURE 2 Crystal structures of (a) thymidine and (b) 2Ј-deoxycytidine hydrochloride, showing 2Ј-endo (or S-type) and 3Ј-endo (or N-type) sugar puckers, respectively (see Chekhlov, 1995 and Subramanian and Hunt, 1970) . The H3Ј, C3Ј, C4Ј, and H4Ј atoms are shown as balls. The torsion angles H3Ј-C3Ј-C4Ј-H4Ј () and C5Ј-C4Ј-C3Ј-O3Ј (␦) are indicated by Newman projections. The chloride atom has been omitted from (b), for the sake of clarity.
torsional angles are in good agreement, providing that the influence of neighboring protons is taken into account when analyzing the solid-state NMR data. At the same time, we find evidence that the proton positions do not coincide with the hydrogen atom positions reported in the x-ray structures.
MATERIALS AND METHODS

Samples
The two 13 C 2 -labeled nucleosides [3Ј,4Ј-13 C 2 ]-thymidine and [3Ј,4Ј- 13 C 2 ]-2Ј-deoxycytidine were synthesized by methods described elsewhere (Ouwerkerk et al., 2000 (Ouwerkerk et al., , 2002 .
Crystalline [3Ј,4Ј-13 C 2 ]-thymidine was prepared by slow evaporation of an aqueous solution of the synthetic 13 C 2 -labeled 2Ј-deoxynucleoside (Young et al., 1969) . The quality of the single crystals was checked by x-ray analysis (Lutz et al., 2001) . The crystals were washed with a drop of water and crushed in a mortar. In the following discussion, [3Ј,4Ј- 13 C 2 ]-thymidine is referred to as 13 C 2 -dT. The [3Ј,4Ј- 13 C 2 ]-2Ј-deoxycytidine hydrochloride salt was prepared by addition of 1.05 equivalent of 1 M HCl to the neutral-labeled compound. The crystals obtained by slow evaporation of an aqueous solution of this compound appeared to be inhomogeneous, as indicated by a complex line pattern of the magic-angle solid-state 13 C-NMR spectrum. After several unsuccessful attempts to improve the crystallization conditions, we decided to use the powder obtained by lyophilization. The magic-angle solid-state 13 C-NMR spectrum of the lyophilized powder showed two well-resolved signals at chemical shifts 66.2 and 86.5 ppm (referenced to the lower-shift peak of ademantane at 28.5 ppm), which are appropriate for the 3Ј and 4Ј sites (data not shown). The structure of the lyophilized powder was further analyzed by means of x-ray diffraction using a Philips PW 1050 diffractometer and K ␣ radiation. For the region between 2 ϭ 0°-40°, the experimental diffraction pattern agreed well with the theoretical pattern calculated from the literature crystal data (Subramanian and Hunt, 1970) . We conclude that the lyophilized powder is microcrystalline with a structure identical to that of the published crystals. This conclusion is supported by the solid-state NMR results reported below. In the following discussion, [3Ј,4Ј- 13 C 2 ]-2Ј-deoxycytidine is referred to as 13 C 2 -dC⅐HCl.
Solid-state NMR
A Varian CMX Infinity system equipped with a 4.7 Tesla superconducting magnet was used. The 13 C resonance frequency was Ϫ50.34 MHz. All experiments were done using a standard 4-mm Varian Apex II MAS probe. The nucleoside crystals were finely ground and placed in the center of the rotor. The remaining space at the edges of the rotor was filled by teflon spacers. In all experiments, 4000 Hz magic-angle-spinning was applied with a stability of Ϯ1 Hz. The temperature was Ϫ85°C for the 13 C 2 -dT sample and room temperature (ambient) for the 13 C 2 -dC⅐HCl sample. A low temperature was used for the thymidine sample to reduce the spinlattice relaxation time, which is inconveniently long at room temperature. Cross-polarization magic-angle spinning spectra were acquired using a standard RAMP-CP sequence (Metz et al., 1994) .
The HCCH torsional angle estimations used a modified 2Q-HLF pulsesequence, based on the original implementation (Feng et al., 1996) (Fig. 3 ). This sequence assumes that the rf (reference frequency) is set to the mean value of the two isotropic shift frequencies, to avoid chemical shift evolution of the double-quantum coherences. The sequence starts with ramped cross polarization (Metz et al., 1994) to enhance the 13 C magnetization. The following 13 C rf-pulse converts the transverse magnetization into longitudinal 13 C magnetization. The homonuclear double-quantum recoupling sequence POST-C7 (Hohwy et al., 1998) of duration 2Q converts the sum longitudinal magnetization into homonuclear 2QC. The excited 2QC is allowed to evolve for one rotation period, r , this constant interval being divided into two parts. The first part t 1 , is occupied by a homonuclear decoupling sequence, applied on the abundant spin species 1 H. In this work, we achieved homonuclear decoupling using the frequency-switched Lee-Goldberg (FSLG) method, which has been shown to perform particularly well in a heteronuclear context (Bielecki et al., 1989) . The second part is an interval r -t 1 during which unmodulated high-power proton irradiation is applied to decouple the heteronuclear 13 C-1 H interactions. A series of experiments is acquired in which t 1 is incremented from zero up to a complete rotor period. The 2QC is converted into longitudinal magnetization by the reconversion sequence of duration 2Q . The longitudinal magnetization is converted into observable magnetization by a /2 read pulse. The 13 C NMR signal is detected in the subsequent period t 2 . Two hundred and fifty-six complex points were acquired in the t 2 -dimension during a total acquisition time of 21.3 ms and a repetition delay of 4 s. The time-domain data were zero-filled to 512 points, Fourier transformed, and zero-order phase-corrected. The FSLG decoupling used a 1 H nutation frequency of 78 kHz and a frequency jump of Ϯ55.4 kHz around the center of the 1 H spectrum. The frequency jumps were performed with a simultaneous phase shift every 10.4 s. The 1 H CW decoupling nutation frequency was 125 kHz during the C7 and r -t 1 interval, and 74 kHz during the 13 C acquisition interval. The interval 2Q was set to 642.8 s.
RESULTS
Cross-polarization magic-angle spinning spectra
The cross-polarization magic-angle spinning spectra of 13 C 2 -dT and 13 C 2 -dC⅐HCl both displayed two well-resolved 13 C peaks. The 13 C chemical shift values were 72.0 ppm (C3Ј) and 86.6 ppm (C4Ј) for 13 C 2 -dT, and 66.2 ppm (C3Ј) and 86.5 ppm (C4Ј) for 13 C 2 -dC⅐HCl (in both cases, the most shielded 13 C peak of adamantane was used as a 28.5 ppm external reference). The chemical shifts are in good agreement with values reported in the literature (Leupin et al., 1987; Santos et al., 1989; Xu et al., 1998) , and already suggest a difference in sugar pucker of the two compounds.
Double-quantum-filtered
13 C spectra Double-quantum-filtered spectra were acquired using the pulse sequence in Fig. 3 , omitting the central r interval. The measured 2Q-filtering efficiency obtained with the POST-C7 pulse sequence (Hohwy et al., 1998) was 57% for both samples, which compares favorably with the theoretical limit of 73% (Lee et al., 1995) . Figure 4 shows the experimental 2Q-filtered 13 C signals for (a) 13 C 2 -dT and (b) 13 C 2 -dC⅐HCl as a function of the evolution interval t 1 . In both cases, the signals initially decay rapidly as t 1 is increased, but recover almost completely when t 1 approaches a full rotor period. This behavior is indicative of efficient homonuclear decoupling under the FSLG sequence.
HCCH-2Q-HLF spectroscopy
Differences in the t 1 dependence of these signals are evident from these plots. The 13 C 2 -dT signals decay to a value close to zero when t 1 is in the vicinity of one half of a rotor period, whereas the 13 C 2 -dC⅐HCl signals remain visible at all t 1 values. This behavior is due to the different sugar pucker angles for the two nucleosides.
DATA ANALYSIS
Simulations of the 2Q evolution curves As described in Feng et al. (1996) , the torsional angle of the H-13 C-13 C-H fragment may be estimated by fitting the total integrated intensity of the 13 C signals under the 2Q-HLF pulse-sequence to calculated functions Af(t 1 , ,)e Ϫt 1 , where A and are fit parameters, and the theoretical 2Q evolution curve is
Here, N is the number of protons included in the simulation, and the summation is taken over all combinations of proton spin states, e.g., (m 1 , m 2 ) ϭ (ϩ 1 ⁄2, ϩ 1 ⁄2), (Ϫ 1 ⁄2, ϩ 1 ⁄2), (ϩ 1 ⁄2, Ϫ 1 ⁄2), (Ϫ 1 ⁄2, Ϫ 1 ⁄2) in the case of two protons. 2Q is the 13 C-13 C 2Q nutation frequency under the C7 pulse sequence (which is dependent on the relative orientation of the internuclear vector with respect to the rotor axis, see Lee et al., 1995) and 2Q is the 2Q excitation and reconversion interval. is the scaling factor of the homonuclear 1 H decoupling sequence, and the angular brackets signify a powder average over molecular orientations. In practice, the computations used 3722 crystallite orientations selected according to the Zaremba-Cheng-Wolfsberg (ZCW) method (Cheng et al., 1973) . Using roughly twice as many orientations made no difference to the outcome.
The phase function ⌽ is given by (Feng et al., 1996 )
where i is an index for the protons included in the simulation and the labels 3Ј and 4Ј refer to the 13 C sites. The through-space dipole-dipole coupling frequency between sites i and j is given by
with P ij denoting the principal axis of the dipole-dipole interaction between spins i and j, and M, R, and L denoting the molecular, the rotor, and the laboratory frame, respectively. D mЈm 2 (⍀ AB ) and d mЈm 2 (␤ AB ) are the full and reduced Wigner rotation matrix elements, r is the sample rotation frequency, chosen to be r /2 ϭ 4000 Hz in this work, and ␤ RL ϭ tan Ϫ1 ͌ 2 is the magic angle. The dipole-dipole coupling strength is given by b ij ϭ Ϫ( 0 /4)␥ i ␥ j បr ij Ϫ3 , with r ij the internuclear distance. The P ij frame has a z axis defined by the internuclear 1 H-13 C vector, and is thus specific to a particular 1 H- 13 C pair. The z and x axes of the molecular frame M are along the C3Ј-C4Ј bond and in the H3Ј-C3Ј-C4Ј plane, respectively. The z axis of the R frame is along the rotor long axis, and the z axis of the L frame is along the static magnetic field. The reference frames are discussed in more detail in Ravindranathan et al. (2000) .
The structurally interesting information lies in the relation between the P and M frames. For the H3Ј-C3Ј-C4Ј-H4Ј fragment, we have,
where ijk are bond angles and is the H3Ј-C3Ј-C4Ј-H4Ј torsional angle. In addition, the signal from the HCCH-2Q-HLF experiment depends on the scaling factor of the homonuclear decoupling sequence. We used FSLG decoupling, for which the theoretical value is 0.577 at maximum 1 H-1 H decoupling efficiency (Bielecki et al., 1989) . In practice, we are able to fit this parameter at the same time as deriving the geometrical information (see below).
Estimation of the H3-C3-C4-H4 torsional angles
To estimate , the 2Q evolution function f(t 1 , , ) is calculated for a set of and values. Simulations at each value of (, ) are fitted to the experimental points using the overall vertical scale A and the 2Q exponential damping rate constant as adjustable parameters. The simulations also require input of the relevant bond angles ijk and bond lengths r ij , see Eq. 4. These were set to the average values of a set of seven structures determined by neutron diffraction, as reported in the last row of Table 1. Note that the directly bonded 13 C-1 H distances used in the simulations were directly obtained from the neutron diffraction data and were not corrected for vibrational effects. This procedure impacts on the fitted values of the scaling factor , as discussed below.
Before analyzing the experimental data, it is important to establish the significance of remote protons on the 2Q evolution curves. The dashed lines in Fig. 5 show 2Q evolution curves simulated as a function of the torsional angle , including only the four spins in the local H3Ј-C3Ј-C4Ј-H4Ј unit. The solid lines include the two H2Ј protons, the two H5Ј protons and the O3HЈ proton as well as the four spins in the local H3Ј-C3Ј-C4Ј-H4Ј unit. The additional protons were positioned using the structural parameters listed in Table 2 . For simplicity, only interactions over a distance of 250 pm or less were included. As may be seen, the inclusion of the five remote protons has a small but significant effect on the simulated curves, particularly in the region of close to 180°. This is in contrast to a recent analysis of the 2Q evolution in bacteriorhodopsin, where the influence of remote protons was found to be negligible (Lansing et al., 2002) .
The inclusion of remote protons complicates the analysis, because the locations of these protons depends on torsional angles outside the four-spin unit, and these torsional angles are not known a priori. However, it is possible to position the two H2Ј protons as function of by assuming tetrahedral geometry at the C2Ј carbon and by using the empirical relationship 2 Ϸ 0.0119 3 2 Ϫ 0.8385 3 Ϫ 25.99°between the furanose torsional angles C1Ј-C2Ј-C3Ј-C4Ј ( 2 ) and C2Ј-C3Ј-C4Ј-O4Ј ( 3 ), which is a good fit to the data presented in Saenger (1984) . The position of the H5Ј and O3HЈ protons, in contrast, requires knowledge of the torsional angles ␥ and . Fortunately, it was verified by further simulations (not shown) that the values of ␥ and only have a small effect on the simulated curves (see below). Figure 6 shows contour plots of the mean square deviation between experiment and simulation, 2 , as a function of the scaling factors and the H3Ј-C3Ј-C4Ј-H4Ј torsional angles , for 13 C 2 -dT (Fig. 6 a) and 13 C 2 -dC⅐HCl (Fig. 6 b) . For each point in the (, ) surface, a simulation was performed using the two 13 C spins and the five nearest protons, positioned using the procedure described above. The simulations for 13 C 2 -dT used the torsional angles ␥ ϭ 173°and ϭ 165° (Chekhlov 1995) , whereas the simulations for 13 C 2 -dC⅐HCl used ␥ ϭ 46°and ϭ 71°(Subramanian and Hunt, 1970) (see Table 3 ). The simulation at each value of (, ) was matched to the experimental points by adjusting the vertical scale A and the exponential decay constant to minimize 2 .
FIGURE 5 Theoretical functions f(t 1 , , ) for the H3Ј-C3Ј-C4Ј-H4Ј fragment with (solid line) and without (dashed line) inclusion of the remote OH3Ј, H2Ј, and H5Ј protons. The scaling factor was assumed to be ϭ 0.50. The values of are indicated. The plot for 13 C 2 -dT (Fig. 6 a) reveals two 2 minima at (, ) ϭ (0.51, 64°) and (0.51, 94°). In the case of 13 C 2 -dC⅐HCl (Fig. 6 b) , a single 2 minimum is found at (, ) ϭ (0.54, 156°). The rather low values of found at these minima are probably due to the use of 13 C-1 H dipolar coupling constants that have not been corrected for vibrational motion.
There are also 2 minima at negative values of , with slightly different values of ͉͉. The 2 surface is not completely independent of the sign of , because the long-range interactions break the symmetry . In the following discussion, we only consider positive values of , because only these give rise to physically realistic values of the torsional angle ␦ (see below). Figure 7 compares the experimental points with the best fit simulations at the global 2 minima (solid lines) for 13 C 2 -dT (Fig. 7 a) and 13 C 2 -dC⅐HCl (Fig. 7 b) . In both cases, the fit between simulations and experimental points is very good. The residual deviations exceed the measured signal-to-noise ratio of the experimental points, which is too small to be shown on the plots. The residual deviations must therefore be attributed to the inaccuracy of the theoretical model, or experimental imperfections. Under these circumstances, the confidence limits on the parameters and may be determined by taking the boundary of the 2 ϭ ͌ 2 min 2 contours (Press et al., 1994) , which are shown as the darkest regions in Fig. 6 . In the case of 13 C 2 -dT (Fig. 6 a) the contours indicate two ranges of yielding an acceptable fit between simulation and experiment, namely ϭ 64°Ϯ 8°and ϭ 94°Ϯ 6°. In the case of 13 C 2 -dC⅐HCl (Fig. 6 b) , the torsional angle estimate is ϭ 156°Ϯ 2°.
There are several additional factors that extend the confidence limits on . First, there is uncertainty in the precise values of the bond lengths and bond angles. Second, the simulations depend slightly on the remote torsional angles ␥ and , because these angles influence the location of the remote protons.
To assess the effect of the bond lengths and bond angles, 100 simulations were set up using bond lengths and bond angles of the H3Ј-C3Ј-C4Ј-H4Ј fragment randomly distributed according to the average values and FIGURE 6 Contour plots of 2 versus the torsion angle and scaling factor for (a) [3Ј,4Ј- 13 C 2 ]-thymidine and (b) [3Ј,4Ј-13 C 2 ]-2Ј-deoxycytidine⅐HCl. The analysis included 13 C dipole couplings to the H2Ј, H3Ј, OH3Ј, H4Ј, and H5Ј protons (see Fig. 1 ). Distances and three-bond angles were set to the averages from neutron diffraction data, see Tables 2  and 3 . The shaded regions are bounded by contours at 2 ϭ ͌ 2 min 2 , 2 ͌ 2 min 2 , and 3 ͌ 2 min 2 .
TABLE 3 Structural data of thymidine and 2-deoxycytidine⅐HCl from x-ray crystallography Young et al. (1969) . † From Chekhlov (1995) . ‡ From Lutz et al. (2001) . § From Subramanian and Hunt (1970). confidence limits shown in the last row of Table 1 (geometrical parameters outside the H3Ј-C3Ј-C4Ј-H4Ј fragment were set to the average values from neutron diffraction data as reported in Table 2 ). A statistical analysis of the results showed that the uncertainty in the bond lengths and bond angles of the H3Ј-C3Ј-C4Ј-H4Ј moiety contributes an additional 2.5°to the confidence limits of the determined angles.
To assess the effect of the ␥ and torsional angles, an ensemble of simulations was set up in which all nine combinations of (g ϩ , g Ϫ , and t) for (␥, ) were simulated. This had only a minor effect, adding another 1°of uncertainty to the determined values of . When all these factors are taken into account, the estimates of from the 2Q-HLF NMR experiments are ϭ 64°Ϯ 8°and ϭ 94°Ϯ 7°for 13 C 2 -dT and ϭ 156°Ϯ 3°for 13 C 2 -dC⅐HCl. In the case of 13 C 2 -dT, simulations involving only the four spins in the H3Ј-C3Ј-C4Ј-H4Ј unit produced a single 2 minimum at ϭ 72°rather than the double minimum shown in Fig. 6 a. The inclusion of remote protons is therefore essential in this case.
Estimation of ␦ and comparison with the x-ray structures
The H3Ј-C3Ј-C4Ј-H4Ј torsional angle derived by the 2Q-HLF method is not of direct relevance to nucleic acid structure. More relevant is the C5Ј-C4Ј-C3Ј-O3Ј torsional angle ␦, which is indicative of the sugar puckering mode and has a strong effect on the disposition of adjacent nucleotides in a polynucleotide structure. The and ␦ angles are related approximately through ␦ ϭ 240°Ϫ , assuming tetrahedral bond geometries. An analysis of the seven neutron diffraction structures listed in Table 1 shows that the relation is better described as ␦ ϭ 244°Ϫ with a standard deviation of 4.2°. When this relationship is combined with the solid-state NMR estimations of , we obtain the following estimates of the ␦ torsional angle: ␦ ϭ 179°Ϯ 9°or 150°Ϯ 8°for thymidine, and ␦ ϭ 88°Ϯ 6°for 2Ј-deoxycytidine⅐HCl.
In the case of thymidine, the value ␦ ϭ 179°Ϯ 9°r epresents an energetically unfavorable high C3Ј-exo conformation of the furanose ring. The estimate ␦ ϭ 150°Ϯ 8°, in contrast, represents the normally encountered C2Ј-endo conformation, which is ϳ8.4 kJ mol Ϫ1 more stable than the high C3Ј-exo conformation. On these grounds, we discard the high energy conformation and state the sugar pucker in our thymidine sample to be ␦ ϭ 150°Ϯ 8°.
In the case of 2Ј-deoxycytidine⅐HCl, the torsional angle estimate ␦ ϭ 88°Ϯ 6°represents a low energy C3Ј-endo sugar puckering mode, tending toward O4Ј-endo at the higher end of the range.
The estimates of ␦ from 2Q solid-state NMR agree well with the structures of thymidine and 2Ј-deoxycytidine⅐HCl determined by x-ray crystallography, see Table 2 . The x-ray estimate of ␦ for thymidine is 156°, which falls within the confidence limits for the 2Q-HLF measurements, namely ␦ ϭ 150°Ϯ 8°. For 2Ј-deoxycytidine⅐HCl, the x-ray estimate of ␦ ϭ 81°falls just outside the 2Q-HLF confidence limits, ␦ ϭ 88°Ϯ 6°. We conclude that the two methods for molecular structure determination are in reasonable agreement, in the case of the heavy atom torsional angles.
Comparison of angles derived by NMR and x-ray diffraction
Although the values of ␦ determined by solid-state NMR and x-ray are in very good agreement for dT, and in reasonable agreement for dC⅐HCl, the values of estimated by the two methods appear not to be. The values of reported in the x-ray structures are shown in Table 1 , and are in discrepancy with the solid-state NMR estimates of by as much as 11°. The dashed lines show the best fit simulations with all distances and torsional angles set to the x-ray geometry as given in (Chekhlov, 1995) and (Subramanian and Hunt, 1970) (See also Table 3 ).
It is possible to cross-check this conclusion by performing simulations with all relevant atoms positioned according to the x-ray coordinates, including the hydrogen atoms. In each case, the vertical scale factor A, damping rate constant , and multiple-pulse scaling factor are adjusted to minimize the deviation between experiment and simulation. The results are shown by the dashed lines in Fig. 7 . For 13 C 2 -dT, the x-ray coordinates give a good fit to the experimental NMR data (Fig. 7 a) , whereas for 13 C 2 -dC⅐HCl, the x-ray atomic positions give significant discrepancies with the experimental solid-state NMR data (Fig. 7 b) .
There are three possible explanations for this behavior: 1) Both physical methods are influenced by vibrational motions, but in different ways. Thermal motions could lead to apparently different locations of the light hydrogen atoms determined by NMR and by x-ray diffraction; 2) the center of the hydrogen electron density determined by x-ray diffraction may not coincide with the proton positions; and 3) the accurate location of hydrogen atoms by x-ray diffraction is notoriously difficult, whereas both NMR and neutron diffraction are highly sensitive to proton positions. Note that, in the analysis reported above, the torsional angles ␦ were estimated by using NMR data for , combined with neutron diffraction data for estimating the relationship between and ␦. Both NMR and neutron diffraction are considered to be reliable tools for locating the positions of protons. The result of this combined analysis leads to values for the heavy-atom torsional angles ␦ which are in agreement with the x-ray estimates. It therefore seems possible that the proton positions do not coincide exactly with the hydrogen atom locations reported in the x-ray studies, or that the confidence limits on the hydrogen atom positions have been underestimated.
CONCLUSIONS
These investigations have shown that the 2Q-HLF NMR method is a potentially useful method for the investigation of nucleic acid sugar pucker. However, it is necessary to include remote protons in the analysis, at least up to a distance range of 250 pm. Although our results for the sugar pucker angle ␦ are in good agreement with x-ray studies for both thymidine and 2Ј-deoxycytidine⅐HCl, there are significant discrepancies for the H3Ј-C3Ј-C4Ј-H4Ј torsional angle , which could be associated with the difficulties of locating the protons by x-ray diffraction.
The experiment should be feasible on macromolecular systems that are beyond the reach of x-ray diffraction or solution NMR. In its simplest form, the method is restricted to systems with well-defined local conformations, but we anticipate that the method may be extended, in suitable cases, to systems that possess a distribution of torsional angles. This might involve combining the 2Q evolution with the conformational information contained in broadened chemically-shifted lineshapes (Zhang et al., 1998) .
